Chick-embryo cells contain four isoaccepting species of methionine transfer RNA (I-IV). One species (I) is the initiator, tRNA'et, and the others (II, III, and IV) are the donors of internal methionyl residues (tRNAmet). Over 85% of the tRNAMet in purified avian myeloblastosis virus consists of one tRNAmt species, which resembles host-cell tRNAMet IV with respect to chromatographic properties on Avian RNA tumor viruses such as avian myeloblastosis virus (AMV), Rous associated virus-1, and Rous sarcoma virus contain a population of functional transfer RNA (tRNA) molecules that differs from the total tRNA of their host cells, both in range and in level of aminoacid-accepting activity (1-5). It has been established that this RNA is neither a contaminant of the preparation nor a degradation product, but is an integral part of the virion (4-6), In addition purified virions of AMV contain aminoacyl-tRNA synthetase activities (7, 8) and a specific tRNA methylase (9), A comparison of the base composition of AMV tRNA with that of both normal and transformed host cells indicates that the viral RNA contains all the minor bases that are present in host tRNA. There is no evidence for additional modifications in the viral RNA, but the distribution of certain minor bases is altered (3). Although there is no direct evidence as to the origin of viral tRNA, it is probable that a selection of a limited population of host-cell molecules takes place to provide the virion tRNA. Alternatively, the tRNAs found in the virus could be unique to the virus, or contain specific modifications of host-cell tRNAs. The experiments described here were done in an attempt to detect unique viral tRNAs, if they exist. Reversed-phase chromatography on RPC-5 absorbent of AMV tRNA charged with single aminoacids reveals that the virus contains particular isoaccepting species of the corresponding host-cell tRNA. In some cases, the ratio of different isoaccepting species is altered (Elder, unpublished). Thus, whereas chick cells contain four peaks of methionyl-tRNA, both AMV and Rous associated virus-i have a single predominating methionyl-tRNA that is chromatographically similar to one of the host tRNAMet species (2). In view of the degree of selectivity and the unique role of methionyl-tRNA in initiation of protein synthesis (10), it was important to determine whether the tRNAMet present in the virus was somehow involved in initiation of viral protein synthesis.
virus is structurally indistinguishable from the corresponding host-cell species, and, although not involved in initiation of viral protein synthesis, is able to function in peptide-chain elongation.
Avian RNA tumor viruses such as avian myeloblastosis virus (AMV), Rous associated virus-1, and Rous sarcoma virus contain a population of functional transfer RNA (tRNA) molecules that differs from the total tRNA of their host cells, both in range and in level of aminoacid-accepting activity (1) (2) (3) (4) (5) . It has been established that this RNA is neither a contaminant of the preparation nor a degradation product, but is an integral part of the virion (4-6), In addition purified virions of AMV contain aminoacyl-tRNA synthetase activities (7, 8) and a specific tRNA methylase (9) , A comparison of the base composition of AMV tRNA with that of both normal and transformed host cells indicates that the viral RNA contains all the minor bases that are present in host tRNA. There is no evidence for additional modifications in the viral RNA, but the distribution of certain minor bases is altered (3) .
Although there is no direct evidence as to the origin of viral tRNA, it is probable that a selection of a limited population of host-cell molecules takes place to provide the virion tRNA. Alternatively, the tRNAs found in the virus could be unique to the virus, or contain specific modifications of host-cell tRNAs. The experiments described here were done in an attempt to detect unique viral tRNAs, if they exist. Reversed-phase chromatography on RPC-5 absorbent of AMV tRNA charged with single aminoacids reveals that the virus contains particular isoaccepting species of the corresponding host-cell tRNA. In some cases, the ratio of different isoaccepting species is altered (Elder, unpublished). Thus, whereas chick cells contain four peaks of methionyl-tRNA, both AMV and Rous associated virus-i have a single predominating methionyl-tRNA that is chromatographically similar to one of the host tRNAMet species (2) . In view of the degree of selectivity and the unique role of methionyl-tRNA in initiation of protein synthesis (10) , it was important to determine whether the tRNAMet present in the virus was somehow involved in initiation of viral protein synthesis.
Eukaryotic cells contain two classes of methionine-accepting tRNA, tRNAmet and tRNAmet (10) . Met-tRNAm, in common with all aminoacyl-tRNAs, donates its amino acid into internal positions of peptides, whereas Met-tRNAf is the initiator tRNA. A distinguishing Teature of the initiator is that
Met-tRNAf donates methionine exclusively into the Nterminal position of newly synthesized proteins. This property results from its specific interaction with initiation factors (11) , andj inability to form a stable complex with elongation factor I (12), both of which imply that the structure of tRNAIet has been specifically adapted for its role in initiation.
We have analyzed the predominant tRNAMet species found in AMV, tRNAMet IV, and have established that it is not an initiator species, but instead resembles host-cell tRNAMet IV with respect to chromatographic properties on RPC-5, 3'-terminal oligonucleotide, and activity in donating methionine into polypeptide in a mammalian cell-free system.
MATERIALS AND METHODS
AMV was l)urified from the serum of 10-to 15-day-old leukemic chicks, and 4S RNA was isolated from chick embryos, myeloblasts, and purified AMV by described procedures (1, 7, 13) . Ascites tRNAm!et and tRNAmet were first purified by chromatography on DEAE-Sephadex, and separated into two species by further chromatography on benzoylated DEAFcellulose (BD Cellulose), as described (10 [35S]Met-tRNAs were applied to a 0.9 X 30-cm column of RPC-5, purchased from Miles Laboratories (15) . The isoaccepting species were eluted with a linear gradient of 0.5-0.7 M NaCl, total volume 100 ml, in 10 mM NaAc-10 mM MgCl2-2 mM 2-mercaptoethanol, at pH 4.5. The flow rate was 60 ml/hr, and 0.75-ml fractions were collected. For preparative columns, 10-,ul aliquots of each fraction were counted in and Triton X-100 (15) . Appropriate fractions were pooled, ascites carrier tRNA was added, and the mixture was precipitated with ethanol at -20°.
Ribonuclease T1 digests were performed in a total volume of 25 tl containing 10 mM KOAc, 1 mM EDTA, 50 ,g of carrier RNA, and 2 jg of enzyme (10) . Incubation was continued at 370 for 20 min, and the samples were applied directly to Whatman 3 MM paper for electrophoresis at pH 3.5 (3 hr, Unfractionated ascites Met-tRNA, (2) chick peak I, (3) AMV peak I, (4) chick peak II, (5) AMV peak II, (6) chick peak III, (7) AMV peak III, (8) chick peak IV, and (9) AMV peak IV. 0 is the origin, A is an oligonucleotide from Met-tRNAf, B is the oligonucleotide from Met-tRNAm, and M is free methionine.
50 V/cm). The dried papers were autoradiographed for 1-3 days with 'Osray' M film. Propagation of Krebs II mouse ascites tumor cells in male Schofields strain of mice, preparation of preincubated S30 and crude aminoacyl-tRNA synthetase, growth and purification of encephalomyocarditis virus (EMC), extraction of viral RNA, and storage of these preparations have all been reported in detail (10, 16, 17) . Conditions for cell-free protein synthesis with ['5S]Met-tRNA were similar to those already described (10, 17) . Reactions in 25 Il included 30 mM TrisHCl (pH 7.5), 80 mM KC1, 7 mM 2-mercaptoethanol, 1 mM ATP, 0.1 mM GTP, 2 mg/ml of creatine phosphate, 0.2 mg/ ml of creatine phosphokinase, and the 20 amino acids at 50 pM.-Other ingredients were added as indicated in legends. After 30 mim s at 370, reactions were stopped by addition of 3 ml of 5% trichloroacetic acid, heated at 900 for 15 min, collected on Whatman GFC filters, and counted at 60% efficiency.
RESULTS
Chromatography on RPC-5. Chick embryo and myeloblast total [S]Met-tRNA was separated into four peaks, labeled I-IV, by RPC-5 (Fig. 1A) . Peak I predominates over III and IV; only a small quantity of II is present, chromatographing as a shoulder on peak I. In contrast, 85% of the methionyltRNA from AMV is present as peak IV (Fig. 1B) , with only 0M xI trace amounts of peaks I, II, and III detected. Cochromatography of chick-embryo and AMV Met-tRNAs using 3H and I5S to distinguish the two, revealed that the corresponding peaks are chromatographically identical (data not shown, ref.
2).
Purified mouse ascites tumor-cell Met-tRNAf and MettRNAm, which had previously been separated on BD cellulose (10), were chromatographed on the -RPC-5 column under identical conditions. Mouse-cell Met-tRNAf (Fig. 1C) chromatographs in the same position as chick peak I, suggesting that this is an initiator species. Mouse Met-tRNAm separated into three peaks (Fig. 1D) ; the two major species chromatograph in the same positions as chick peaks III and IV, suggesting that III and IV are "M"-type tRNAMet. The minor mouse "M" peak chromatographs close to chick peak II, and although mouse tRNAmet contains some contaminating Met-tRNAf (peak I), it is likely that peak II is also an "M"-type tRNAMet. This suggestion is confirmed in experiments described below.
3'-Methionyl-Oligonucleotides of Separated Met-tRNAs.
Column chromatography on RPC-5 suggested that the AMV Met-tRNA IV was not an initiator; to confirm this, peaks IV from chick embryo and AMV were precipitated and analyzed further. The two classes of mouse Met-tRNA have different nucleotide sequences near the aminoacid acceptor end; digestion with ribonuclease T1 liberates methionyl-oligonucleotides that can be separated by electrophoresis at pH 3.5 (10). Chick peaks I-IV were digested with T1 ribonuclease and subjected to electrophoresis with similarly treated ascites Met-tRNA as marker. The results (Fig. 2) confirm the identification based on RPC-5 chromatography. Chick peak I terminal oligonucleotide comigrates with the methionyloligonucleotide from mouse Met-tRNAf, and chick peaks III and IV with that from mouse Met-tRNAm. Chick peak II is impure, and contains both oligonucleotides, with that from Met-tRNAm predominating. Methionyl-oligonucleotides from AMV gave identical results, except that peaks I and II, being present in such low amounts, are well separated (Fig. 1B) , and peak II can be identified unambiguously as an "M" species.
In other experiments not described here, Met-tRNAs from both chick and AMV were incubated in the presence of Escherichia coli transformylase and formyl donor. Only peak-I Met-tRNA is formylated under these conditions, showing that this species is related to the bacterial initiator tRNA (10, 19) , whilst peak IV Met-tRNA is not.
Protein Synthesis with Separated Met-tRNAs. The experiments described above show that AMV Met-tRNA IV is related to host-cell peak IV, and is an "M"-type species. However, this does not necessarily mean that viral MettRNA IV is active in protein synthesis; it might, for example, be involved in another viral function, such as a specific event in transcription of viral RNA, regulation of host cell metabolism, or synthesis of other macromolecules. Such specialized tRNAs have been described in other systems (20, 21) . We therefore tested AMV Met-tRNA IV for activity in donating methionine into polypeptide in a cell-free system from mouse ascites cells, and compared its activity with that of the three major chick-embryo Met-tRNAs. Table 1 records the results obtained with different synthetic oligonucleotide polymers. Chick-embryo Met-tRNA I shows the typical response of initiator tRNA (10, 18) . When compared with peaks III and IV, there is less incorporation of [35S]methionine with random poly(AUG), but greater incorporation with poly(UG) and AUG(U)35. This result indicates that peaks III and IV, in common with Met-tRNAm from other sources, responds only to internal AUG codons, whereas the initiator tRNA recognizes AUG or GUG at or near the 5' end of synthetic messenger. AMV Met-tRNA IV is also active in vitro, responding in a similar manner to chickembryo peak IV to give a result typical of a Met-tRNAm species.
We have previously shown that EMC RNA, a natural viral messenger, is translated faithfully in the ascites cell-free system (16) . By various techniques, it has been shown that MettRNAf donates the N-terminal methionine, and MettRNAm the subsequent internal methionines. Incorporation from initiator tRNA is difficult to detect because the Nterminal methionine is rapidly cleaved from the nascent polypeptide (17) . The results in Table 1 show that chick-embryo and AMV Met-tRNAs respond to EMC RNA in the same manner as has been observed with mouse tRNAs (10, 17) . Peak I donates much less methionine than peaks III and IV. AMV Met-tRNA IV behaves like chick Met-tRNA IV, demonstrating that the viral aminoacyl-tRNA is active in protein synthesis with natural messenger.
DISCUSSION Chick Met-tRNAs
The work presented here shows that chick cells contain two classes of tRNAMet: initiator tRNA and internal methionine donor. In this respect, chick cells resemble other eukaryotic systems, such as mouse, rabbit, and yeast. In previous work, using BD cellulose, mouse Met-tRNAm chromatographed as a single peak. RPC-5 chromatography resolves Met-tRNAm into three species, although only one triplet, AUG, codes for methionine (22) . The resolving power of RPC-5 is such that they may represent not three distinct tRNAs, but one structure with a few base modifications. Although Met-tRNAs III and IV incorporate methionine to a similar extent in vitro, it is uncertain whether their function is identical.
AMV Met-tRNAs Structure and Function. AMV contains a preponderance of only one Met-tRNAm, which is chromatographically identical to chick Met-tRNA IV. The very low level of initiator tRNA (4% of total) is notable, as it makes less likely the possibility that the virus carries a modified initiator or that protein synthesis occurs within intact virions, as has been suggested (8) .
The 3'-terminal oligonucleotide of Met-tRNAf from chick, AMV, mouse, and yeast all have the same electrophoretic mobility at pH 3.5. The sequence of the oligonucleotide from yeast is GCUACCAoH (23) , and it is probable that chick and AMV tRNAM"et have this same terminal sequence. Similar arguments can be made for the 3' end of chick and AMV tRNAMet species, II, III, and IV. In spite of a similar 3' terminus, mouse and yeast tRNAf et have extensive sequence differences elsewhere in the molecule (23, 24) . An identical 3' end therefore does not necessarily mean that the two tRNAs are the same. However, we have been able to separate mouse and yeast Met-tRNAf on RPC-5, whereas chick and viral Met-tRNAs I-IV cochromatograph. In combination, these results strongly suggest that the chick and viral tRNAs are structurally identical.
The Met-tRNAs were tested for protein-synthesis activity in the heterologous mouse ascites system, which shows that the viral and host Met-tRNA IV are equally active as donors of internal methionine. The ascites system faithfully translates various natural rmRNAs, including EMC RNA, and there is no reason to suppose that heterologous Met-tRNAs behave in an anomalous fashion. Thus, although we have not yet tested chick and AMY Met-tRNAs in a chick cell-free systerp using oncornavirus RNA as messenger, it appears that viral and host tRNAMet IV are functionally similar.
The Origin of oncornavirus tRNA has not been elucidated. Virus-specific tRNAs have been described in both plants and bacteria; in some cases, such as T4, the tRNA is virus coded (25) , whereas in others tRNA is an integral part of the viral genome, e.g., tobacco yellow mosaic virus (26) .
We have been unable to detect any differences either in structure or function between AMV tRNAMet IV and the oprresponding host molecule. Together with evidence from rplt~ted studies of other aminoacyl-tRNAs from AMV (Elder, wipublished), this result suggests that selection of host-cell JtNA takes place at some stage in the cycle of virus replication.
The selection of tRNAMet IV could be due to an unequal distribution of tRNAs within different cell compartments, and therefore be a consequence of virus location within the cell. Ip this case, the viral tRNA might serve no purpose. On the other hand, the selection may be an active process, and have spme functional basis in the viral life cycle. As AMV carries a rnethylase enzyme, there is also the possibility that more than one tRNA~et species is selected, and subsequently modified to become Met-tRNA IV.
Note Added in Proof. We wish to emphasize that the tRNA vised in these experiments was free virion tRNA and not associated with viral 70S RNA (27) .
